In the context of safety analyses for railway tunnels, various efforts have been made to try to identify and evaluate the possible consequences of undesired events. Very few of these efforts have proposed techniques or methodologies allowing the risks involved to be quantified. By counting on a Quantitative Risk Analysis (QRA) methodology applied in the planning of railway tunnels, we would be able to know and quantify the potential consequences of these risks.
Introduction
Tunnel construction nowadays takes place in a totally different context from that of more than ten years ago, mostly due to the fact that the point of view of society itself has changed, and therefore our responsibility. Accidents in tunnels, with consequences for their builders or the surroundings, are no longer accepted as the inevitable price to be paid (Romana [1] ).
Accidents in railway tunnels may give rise to major harm for people, goods and the environment. The most serious risk is a collision inside a tunnel, followed by a fire. This risk may be catastrophic due to the entrapment of people and smoke in a confined space, in which smoke is propagated quickly, making it difficult to escape in time to a safe location and hindering the rescue actions.
In recent years, safety-related aspects in railway tunnels have been debated and analyzed by different bodies and operators related to the activities of the railway sector. These discussion and analysis processes have led to the formulation of new recommendations, which have since become standards for application in the construction of new railway tunnels, as well as to the implementation of safety measures for pre-existing tunnels, but very few of these efforts have offered techniques or methodologies that allow the risks involved to be quantified (Alarc n [2] ).
This paper presents the development of Quantitative Risk Analysis (QRA) Methodology that allows us to carry out a quantitative assessment for the analysis of risks in railway tunnels, in which it is possible to analyze a series of possible scenarios for the Tunnel Systems implemented, fundamentally based on the event tree methodology, considering the possible frequencies of occurrence in terms of fatalities assigned to each scenario considered and on the use of the Monte Carlo simulation technique, which allows us to consider the uncertainty factors associated with the risks.
Risks in railway tunnels
Risk Analysis is a topical subject that is more and more present in major infrastructure projects and particularly in projects for underground works.
The principal scenarios for the critical events that may arise in a railway tunnel include: Fires, Derailments and Collisions.
Other scenarios relating for instance to acts of vandalism and deliberate attacks are not considered in a normal risk analysis procedure, as they do not represent the typical accidental events exclusively related to the Train-Tunnel system. In some particular cases, it may be necessary to take such scenarios into account in the very formulation of the risk analysis.
Types of railway tunnels
In view of the linear nature of tunnels, the different types are defined by the number of tracks and tunnels existing in the cross-section and the possible presence of a service and safety tunnel. The types currently used can basically be grouped into two large families:
 Tunnels with a single-tube cross-section;  Tunnels with a single-tube cross-section plus a service tunnel;  Tunnels with a double-tube cross-section;  Tunnels with a double-tube cross-section plus a service tunnel;  Tunnels with a triple-tube cross-section. The following diagram illustrates the relative risk of the different tunnel configurations.
Figure 1:
Relative value of risk in tunnels (Diamantidis [3] ).
Risk analysis in railway tunnels and Monte Carlo simulation
Risk is the product of the Frequency and the Number of Fatalities. Risk (R) = Frequency (F) x No. of Fatalities Risk analysis consists in the systematic use of the available statistical information to determine the frequency with which certain events may occur and the magnitude of their consequences. Risk analysis can be done qualitatively and quantitatively (Sung-Wook [4] ).
Using Monte Carlo Simulations we can carry out quantitative risk analysis. In Monte Carlo Simulations, the uncertain variables of a model are represented using ranges of possible values called probability distributions. Through the use of probability distributions, variables can have different probabilities of producing a range of outcomes.
Probability distributions are a much more realistic way of describing the uncertainty of the variables in risk analysis. The most common probability distribution reflecting the probabilities of risks in a railway tunnel is the "Normal Distribution" or "Bell Curve", defining the mean or expected value and a During a Monte Carlo simulation, values are sampled at random based on the probability distributions introduced. Each group of samples is called iteration and the result corresponding to that sample is recorded. Monte Carlo simulations perform this operation hundreds or thousands of times, and the result is a probability distribution of the possible outcomes.
Event tree
Event tree analysis quantifies the total risk of the multiple results deriving from a single event. The event tree begins with a defined event from which stem a series of multiple outcomes through several potential scenarios ("Decision Events").
Event tree analysis is a great tool that is suitable for the quantitative assessment of risks, in view of its ability to produce results that combine the frequency of occurrence and the consequences (severity) of multiple events in a single analysis, giving a total result for the possible risk [6] .
Quantitative risk analysis (QRA) in railway tunnels
The structure of the model for the analysis of the risks in railway tunnels contemplates the following steps:
 Selection of underlying perils or hazards (trigger events): this phase identifies the dangers considered most significant within the scope of railway tunnels.  Characterization of the railway tunnel in question.  Estimation of the frequency of occurrence of the dangers or hazards identified.  Analysis of the hazards and development of the accidental sequence for the selected events using "Event Tree Analysis (ETA)" to individualize the final scenarios considered most likely.
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 Estimation of the frequency of occurrence of the final scenarios through the assessment of the probabilities associated with the "Gates" in the tree analysis.  Estimation of the consequences for all the "final" accidental scenarios (the consequences are expressed as the number of fatalities expected).  Simulation and Evaluation of the risk in the light of the physical characteristics of the tunnels. The compilation of statistical data from the experiences accumulated in other railway tunnels is a key aspect for the identification of the parameters characterizing the accidental scenarios. The larger the number of references or accidents analyzed, the greater the confidence in the identification of the "Relevant Events". It is therefore essential to have an extensive database in order to analyze and identify the causes, characteristics and evolution of multiple accidents in railway tunnels (Wenge et al. [7] ). Basic diagram for risk analysis.
7 Basic tools for the methodology: "PrecisionTree" and "@RISK"
The "PrecisionTree" and "@RISK" tools form part of the programmes included in the "Decision Tools Suite" developed by the Palisade Corporation in USA for risk analysis to be able to take decisions regarding uncertain elements. These tools run in a Microsoft Excel platform. "PrecisionTree" allows decision analysis to be performed in a practical way using the event tree technique and @RISK performs the risk analysis by applying Monte Carlo simulation, listing numerous possible outcomes and indicating the probability with which these outcomes might occur. The PrecisionTree and @RISK tools can be combined to analyze events in which probabilities are uncertain. This improves the accuracy of decision tree models through the consideration of wider ranges of values for uncertain events instead of limited values and discrete options [8] .
Methodology for risk analysis in railway tunnels using Monte Carlo simulation
The main steps in the Railway Tunnel Risk Analysis Methodology are described below:
Operational characterization of the tunnel
The operational characterization of the tunnel under study is fundamental for an estimation of each type of tunnel on the basis of the statistics on the probability of occurrence, the expectations of fatalities that might ensue over a given period of time.
For example, let us consider an underground railway system with a double track with the following characteristics:
 201 Millions of Train-Km As can be seen in the preceding figures, a Metro-type system with these characteristics can reach over 200 million Train-Km over 30 years' operation; on the basis of these figures and the probabilities of occurrence per million TrainKm in each type of tunnel, the expectations of fatalities that might occur can be obtained.
Statistical analyses: analysis of the frequency of occurrence and expectations of fatalities
Risk Analysis begins with the identification of the possible events that might arise in a railway tunnel and the statistical analysis of the frequency of occurrence of these events, which lead us to the estimation of expectations of fatalities as a consequence of these events. The tables below indicate some reference values for the frequency of occurrence of derailments, collisions, impacts with obstacles and fires in railway tunnels, estimated for two tunnel types: Single Double-Track Tunnel (UTDV) and Double Single-Track Tunnel (DTVS) (Diamantidis et al. [3] ) Clearly, each tunnel has its own characteristics, so the benchmark figures are only the starting point for the analysis of the probabilities of occurrence and the estimation of the expectations of fatalities in another tunnel.
Formulation and analysis of the decision tree
Decision trees are complete modelling tools for all possible decision options. These describe events in chronological order. Decision trees are basically Frequency of occurrence and expectations of fatalities.
defined by nodes and branches. In PrecisionTree, the decision nodes are drawn as green squares and random nodes as red circles. The final node is represented by a blue triangle.
The decision tree shown below has been developed with PrecisionTree for the analysis of the two possible solutions: Single Double-Track Tunnel (UTDV) and Double Single-Track Tunnel (DTVS). Result of the decision tree.
Decision analysis
Once the decision tree has been mapped, PrecisionTree allows us to find the optimal route through the tree and calculates the possible outcomes of this route, known in PrecisionTree as "Policy Suggestion". The policy suggestion report is a shortened version of the decision tree showing only the optimal decisions of the model. As can be seen, the Double Single-Track Tunnel (DTVS) option is the most suitable alternative for the tunnel solution in terms of safety.
Figure 5:
Optimal route for the decision tree.
Risk profile
The Risk Profile is represented as a graphical display of the cumulative distribution showing the probability of an outcome less than or equal to a certain value for each of the two options. The following diagram shows the cumulative probability values for Single Double-Track Tunnels (UTDV) and Double SingleTrack Tunnels (DTVS). Cumulative distribution of risk profiles.
Sensitivity analysis
With PrecisionTree we can obtain a two-direction sensitivity analysis for two variables at the same time, giving the starting value for each possible combination of input values, as shown in the following diagram, which combines, for example, the variable Derailment and Fire for the Double Single- 
"Monte Carlo simulation" with @RISK
Since the frequencies of occurrence of an event and the expectations of fatalities are uncertain variables, we can define distribution functions for each of the branches in the decision tree. Using a simulation with @RISK, a sample is taken from each distribution function in each iteration; the value of the decision tree and its nodes is recalculated using the new set of samples and the results are recorded in @RISK, thus generating a continuous range of possible values for the decision tree. For instance, we can consider that the value for expectations of fatalities due to fire is uncertain for the Double Single-Track Tunnel (DTVS) type, so we include a Normal distribution with a mean of -1.2 and a standard deviation of 4.
For example, we could also consider that the value for expectations of fatalities due to impact with obstacles is uncertain for the same tunnel type (DTVS), so we introduce a Normal distribution with a mean of -0.6 and a standard deviation of 3. Now we can define the value of the entire tree, as the output from @RISK, so as to proceed with a Monte Carlo Simulation on the tree, considering 1,000 iterations.
The following histogram shows the different possible results and their relative probabilities, from which it can be seen that the expectations of fatalities might reach approximately 12.
Conclusions
This paper sets out a practical methodology for Quantitative Risk Analysis (QRA) in railway tunnels, based on statistical analysis, "Event Tree" and "Monte Carlo Simulation (MCS)" techniques.
The "PrecisionTree" and "@RISK" software programmes are important tools for Quantitative Risk Analysis (QRA), as they allow events with uncertain probabilities of occurrence to be analyzed, enabling multiple scenarios to be assessed by applying probability functions for the events and Monte Carlo simulations.
Application of the QRA methodology in the Planning or Conceptual Engineering phases of a project constitutes a fundamental tool as it allows the assessment and comparison, from the safety standpoint, of the possible infrastructure types or solutions in order to choose the Tunnel System to be implemented.
